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ABSTRACT 

U-0.8%Ti is typically quenched from 800°C to produce an alpha phase martensite, and then 

aged at 350 to 400°C to obtain yield strengths of 750 to 1050 MPa. In the normal course of 
processing, residual hydrogen is introduced into the alloy which can affect the mechanical 
properties. This study will address the effects of relatively small hydrogen concentrations 
(<1.0 wppm) on the ductility and fracture behavior of this alloy. 

In this study, smooth bar tensile specimens containing 0.06, 0.16, and 1.14 wppm hydrogen 
were tested in vacuum or dry argon at strain rates varying from 10"°to 10° s"1 and temperatures 
varying from -35° to 110°C. The transition strain rate for hydrogen embrittlement as measured 
by the ductility parameters increased with increasing hydrogen and decreasing temperature. 
Correspondingly, the fracture process changed from transgranular dimple rupture to interfacial 
separation along martensitic plate boundaries. Evidence is presented to show that the fracture 
mechanism is due to hydride formation at the martensitic plate boundaries. Hydride formation 
is enhanced by an increase in hydrogen content, intermediate temperatures and a high triaxial 
stress state. 
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Introduction 

Uranium is used in a variety of applications because of its high density and special nuclear 
properties. Engineering requirements for moderate to high strength structural materials having 
densities in excess of 18 g/cm3 have led to the development of several simple binary uranium 
alloys. The alloy of this investigation, U-0.8%Ti, is processed by quenching from the gamma- 
field (BCC), >800°C, to produce a supersaturated martensitic variant of the alpha-phase 
(orthorhombic) termed alpha prime. The alloy is then aged in the 350-400°C range to obtain the 
desired properties. During the period of strengthening, no change in the martensitic structure 

can be detected by metallographic examination. Transmission electron microscopy confirms 
that strengthening results from the formation of a fine, discrete precipitate, UzTi. Additional 

aging promotes the decomposition of the martensite to a fine composite of the equilibrium alpha 
and delta phases. A comprehensive study on the aging characteristics and microstructure of the 

U-0.8%Ti alloy has been published by Eckelmeyer and Zanner (1). The U-0.8%Ti is among 
the strongest of the dilute uranium alloys and can be aged to yield strengths of 750-1050 MPa. 

Hydrogen Effects in Alpha Uranium 

Several investigations have discussed the influence of hydrogen on the properties of alpha 
uranium (2-8). That work suggests a mechanism for hydrogen embrittlement that is associated 
with the formation of a grain boundary hydride at very low hydrogen concentrations. For 
example, Davis (2), in an early study, noted that embrittlement occurs in alpha uranium at 

hydrogen concentrations greater than 0.4 wppm due to a grain boundary hydride. Gardner and 
Riches (3) later reported observing the presence of a grain boundary hydride at hydrogen 
concentrations of 0.12 wppm but noted that as the hydrogen concentration increased, the 

* hydride became more discrete and widely distributed. They concluded that the degree of 
embrittlement was a function of the size of the hydride and that maximum embrittlement occurs 
at approximately 2.5 wppm hydrogen. Beevers and Newman (4), Owens (5), and Cotterill (6) 
in considering the evidence resulting from tests on alpha uranium, supported the grain boundary 
hydride theory. Inouye and Schaffhauser (7) studied the uptake of hydrogen as a function of 
pressure and temperature and concluded that at ambient conditions, virtually all of the hydrogen 
in alpha uranium is present as UH3. Their study concluded that the ductility of uranium was 
drastically reduced when the hydrogen content exceeded approximately 0.2 wppm. 

The effect of hydrogen-producing environments on the properties of alpha uranium was 
discussed by Adamson et al (8); whereby, they explained the similarities between internal 
hydrogen embrittlement and hydrogen generated by the reaction of water with uranium during 
static and dynamic tensile tests. Their studies concluded that the ductility parameters were 
reduced by both internal and environmental hydrogen. The fracture was intergranular and 
increasing the test temperature above 100°C eliminated the embrittlement. These observations 
were in agreement with the hydride embrittlement theory. 

Hydrogen Effects in U-0.8%Ti Alloy 

The effects of hydrogen on the mechanical properties of U-0.8%Ti are similar to those in 
unalloyed alpha-uranium (9); Powell (9) notes these similarities in a study of hydrogen effects 
in uranium alloys. In his study, tensile properties were compared for material in the aged and 

, unaged condition with varying hydrogen contents. The ductility was severely reduced by 
hydrogen concentrations less than 0.1 wppm in both conditions. In another paper by Powell 
(10), smooth bar tensile tests were conducted on aged U-0.8%Ti. He observed that at low 
hydrogen concentrations (<0.1 wppm) and a strain rate of lO^sec"1, the fracture was primarily 
by microvoid coalescence with some evidence of fracture along martensitic plate boundaries. At 



high hydrogen concentrations (>1 wppm) with the same strain rate, the fracture occurred 
exclusively by interracial separation along the martensitic plate boundaries. At high strain rates, 
less reduction in ductility was observed. 

The influence of hydrogen-producing environments was demonstrated in the U-0.8%Ti alloy 
by Johnson et al (11). Smooth bar tensile tests exhibited noticeable reductions in the ductility 
parameters when tested in humid air. Verification of the deleterious effects of water vapor on 
the ductility of U-0.8%Ti is reported by Hemperly (12) in a study evaluating the use of rust 
inhibiting oils in protecting tensile bars during tests in high humidity environments. 

Objective 

It is the purpose of this paper to evaluate the influence of hydrogen concentration, temperature, 
and strain rates upon the hydrogen embrittlement behavior of the U-0.8%Ti alloy. In 
discussing the hydrogen embrittlement of the U-0.8%Ti alloy, only the internal hydrogen 
effects will be addressed. Hydrogen-producing environments such as water vapor resulting 
from tests in ambient air, have been negated by testing only in dry air (<10% RH) or vacuum. 

Experimental Procedure 

The material in this study was processed to obtain hydrogen concentrations of 0.06, 0.16, and 
1.14 wppm. The composition was 0.8 ± 0.05%Ti (by weight), 1.14 wppm hydrogen 
(maximum), and trace amounts of carbon, iron, silicon, oxygen, and nitrogen. None of the 
trace elements exceeded 200 wppm. Hydrogen charging was easily accomplished during 
exposure to a salt bath furnace at 630°C. Water vapor in the environment reacts with the molten 
potassium carbonate salt to form hydroxyl ions. The reaction of the uranium with the hydroxyl 
ions produces uranium oxide and a high hydrogen activity that charges the alloy with hydrogen. 
The material blank exhibiting 1.14 wppm hydrogen was charged in the salt bath furnace for two 
hours, solutionized in argon at 800°C, and water quenched. The material blanks exhibiting the 

lower hydrogen concentrations (0.06, 0.16 wppm) were charged in the salt bath furnace for 
two hours, solutionized in a vacuum furnace at 800°C, and water quenched. The time in 
vacuum dictates the hydrogen concentration levels. The hydrogen concentration was 
determined using a quadrapole mass-spectrometry technique (13). Several analysis were taken 
from each blank to verify the hydrogen uniformity. The material blanks were then aged at 
385°C for 4.5 hours in argon. This aging schedule produced material which exhibited a yield 
strength (0.2% offset) of approximately 965 MPa. The grain morphology in the gamma- 
quenched condition is similar to the martensite plate morphology seen in steels. 

Smooth bar tensile specimens meeting the geometric requirements specified in ASTM E-8 were 
machined from the three heats of material. The specimens were then covered with a film of oil 
to prevent oxidation until the tests were conducted. In each case, the coating was removed prior 
to testing. The specimens were tested to failure using continuous extension at strain rates 
varying from 10'6 to 10° s-1 in increments of 101 s-1 at several temperatures including: -35°, 0°, 
20°, 65°, and 110°C. All tests were conducted either in vacuum or dry air (<10% RH) to 
exclude external hydrogen embrittlement due to atmospheric water vapor. 

Several smooth bar tensile specimens were subjected to a discontinuous loading mode to 
determine the influence of plastic flow on the embrittlement mechanism. Tensile specimens 
having a hydrogen concentration of 0.16 wppm were prestrained at strain levels of 1, 3, and 
6% at a low strain rate (10-5 s-1 ) followed by a high strain rate to failure (lO^s"1). Two 



additional bars were prestrained to 3% at a strain rate of 10-5 sec-1, held under load for 4 hours, 
and tested to failure at 10-1 sec -1. 

All broken specimens were subjected to fractographic analysis using a scanning electron 
microscope. 

Results and Discussion 

The results of the room temperature tensile tests (continuous) with hydrogen concentrations of 
0.06, 0.16, and 1.14 wppm are shown in Figure 1. The material exhibited a transition from 
ductile to brittle behavior at a strain rate of approximately 10"3 s'1. This type of behavior is 

associated with a diffusion-controlled mechanism. That is, at the lower strain rates, sufficient 
time was available for hydrogen diffusion to the martensitic plate boundaries. In contrast, at the 
higher strain rates, insufficient time was available for hydrogen transport and thus a ductile 
fracture ensued. Below a strain rate of approximately 10"3 s"1, the percent reduction in area (% 
RA) was less than 10% and the fracture mode was by interracial separation along martensitic 
plate boundaries suggesting hydrogen diffusion to the plate boundaries and subsequent hydride 
formation. At the higher strain rates, the ductility was high and the fracture mode was 
transgranular, microvoid coalescence indicating insufficient time for the hydrogen concentration 
to reach a critical level for hydride formation at the plate boundaries. The critical strain rate for 
hydrogen embritdement was influenced by hydrogen content as noted in Figure 1. The critical 
strain rate for embrittlement was increased slightly when the hydrogen content was increased 
from 0.06 to 0.16 wppm. This behavior suggests that, as the bulk hydrogen concentration 
increased, the diffusion distance necessary to reach a critical hydrogen concentration at the plate 
boundaries was decreased. When the hydrogen concentration was increased to 1.14 wppm, the 
ductility is consistently low regardless of the strain rate. This behavior suggests that the critical 
hydrogen concentration for hydride formation was present at the plate boundaries prior to 
testing. The micrographs in Figure 2 contrast the fracture mode in the room temperature tests 

for the specimens with a hydrogen content of 0.16 wppm at low and high strain rates. The 
fracture mode exhibited by the specimens charged to a 1.14 wppm hydrogen content is shown 
in Figure 3 for a strain rate of 10° s"1. The fracture mode was independent of strain rate at this 

hydrogen concentration. The strength parameters were unaffected by the hydrogen 
concentrations. 

The results of the pre-strained (discontinuous), room temperature tensile tests are shown in 
Table I. First, it is clear that except for two test bars, the prestrain in the uniform strain region 
did not influence the ductility parameters or the failure mode, thus dispelling the notion that 
dislocations were transporting hydrogen to the boundaries during plastic flow in the uniaxial 
strain region. Secondly, the presence of an inclusion, such as existed in the two ductility 
outliers, can promote a brittle fracture. That is, in the presence of a triaxial stress, generated by 
a large inclusion cluster or at the onset of necking as in the case of the continuous extension 
tensile tests, a brittle fracture was promoted. The effect of a sustained load was inconsequential 
to the embrittlement mechanism. The influence of a triaxial stress state on hydride forming 
materials is discussed below. 





will not occur (14). However, under certain circumstances, local concentrations might rise 

above this level. This can occur under conditions of high triaxiality, such as at a crack-tip or an 
inclusion cluster. In a paper by Paton (14), two conditions for embrittlement by hydride 
formation in titanium alloys are discussed. The first is the effect of stress on the equilibrium 
hydrogen solvus, and the second is the effect of misfit on terminal solid solubility. Both would 
affect the propensity for hydride formation. In his paper, the hydrogen concentration in the 
presence of a hydrostatic stress is expressed as 

CH=C&exp[^] 
^ 

where CH is the solubility under zero stress, P is the hydrostatic component of the stress, Vp^ is 

the volume increase due to the hydrogen in solution, and R and T have their usual meaning. 
For the case of a hydrostatic tensile stress, the concentration of hydrogen will increase; and for 
a hydrostatic compressive stress the concentration will decrease. Therefore it is augued that 
there will be a hydrogen flux towards a stress concentrator such as an inclusion or crack-tip. 

Table I. This data shows the effect of pre-straining at a low strain rate on the 

reduction in area of tensile bars with a hydrogen content of 0.16 wppm. 
The test temperature was 20°C. 

Pre- 
Strain Fracture 

(lO^s-1) Test Rate RA Mode 

1% 
IT 

3% 
ii 

6% 
ti 

3%* 
3%* 

lO^sec-1 
(i 

it 

fi 

if 

it 

Tl 

tt 

37.3% 
15.5%** 
35.8% 
39.7% 
33.3% 
32.4% 
35.8% 
4.9%** 

MVC 
VMVC 
MVC 
MVC 
MVC 
MVC 
MVC 

VMVC 

* Test bar was held under load at 3% strain for 4 hours prior to testing to failure. 
** Large inclusion cluster was fracture origin. 
MVC Transgranular, microvoid coalescence 
I Interfacial Separation 

This concentration will be dependent on distance from the crack-tip and on the time and 
temperature after the application of the load. Concentrations of the order of 2-3 times the bulk 
material can easily be obtained after short periods of time under load. Thus, at an inclusion 
cluster, where the hydrostatic stress could be approximately three times the static yield stress, 
the hydrogen concentration could be greater than 1 wppm, which, as evidenced by the tests 

conducted on the U-0.8%Ti alloy with a hydrogen content of 1.14 wppm, would exhibit a 

brittle fracture. Whereas, in the absence of a stress gradient such as under the plane stress 
conditions existing in a tensile test prior to instability, the ratio, CH/C^ is approximately equal 
to one (15) and embrittlement due to excess hydrogen is not expected. 
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Figure 5. The percent reduction in area as a function of test temperature and strain 

rate. The hydrogen concentration is 0.16 wppm. 

precipitation is decreased at high temperatures because the driving force is decreased as the 
solubility of the solute is increased. The rate of precipitation is decreased at low temperatures 
because the kinetics for the reaction are decreased. At 110°C, the fracture mode at the high 
strain rate was transgranular microvoid coalescence. At the low strain rates the fracture mode 
was interracial separation. However, there were shallow microvoids forming along the 
martensitic plate boundaries indicative of a more ductile fracture at the higher temperature. At - 

35°C, the ductility was low and the fracture mode was interfacial separation along martensitic 
plate boundaries for all strain rates. The comparisons in fracture morphology are shown in 
Figures 6 and 7. This shift to a more brittle behavior rather than a more ductile behavior as 

noted in the titanium alloys is due to a brittle-to-ductile transition behavior. In unalloyed 
uranium there is a brittle-to-ductile transition at approximately room temperature. The factors 
affecting this temperature dependence are discussed in detail in references 5, 6. The U-0.8%Ti 
alloy exhibits a brittle to ductile transition temperature (BDTT) at approximately -30°C (11). 
The net result is that the embrittlement of the U-0.8%Ti alloy by the hydride is decreased at 

higher temperatures. At low temperatures (i.e., below the BDTT), the effect of the transition in 
deformation modes (5) promotes a brittle fracture regardless of the hydrogen content. The 
fracture mode of the tensile bars tested at -35°C were similar to the fractures promoted by 
hydride embrittlement. 





Conclusions 

1. The U-0.8%Ti alloy is embrittled by the formation of uranium hydride at the martensidc 
plate boundaries. Hydrogen concentrations as low as 0.06 wppm were sufficient to 
promote brittle fracture at low strain rates. 

2. The transition strain rate for hydrogen emhrittlement is increased as the hydrogen 
content is increased. At sufficiently high hydrogen contents the material was brittle at all 
strain rates due to the presence of uranium hydride along the martensitic plate 
boundaries. 

3. The transition strain rate for hydrogen embritdement, in the temperature range -35°C to 
110°C, is decreased as the temperature is increased. However, at -35°C the degree of 
embritdement is superceded by the influence of a BDTT phenomenon. 

4. Strain-induced precipitation of hydrides occurs in the presence of a triaxial stress state 

generated following the onset of necking or by a large inclusion. Plastic flow in the 
uniaxial strain region does not promote hydride formation and subsequent britde 
fracture. 
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